Indeed, adding reconfigurability to the optical interconnects can open new possibilities, e.g., by enhancing the speed of multiprocessor systems, but an adequate switching speed (of the order of a microsecond) is required to outdo the electrical interconnects [11] . Also, for building an optical network the speed and the ease of switching light between fibers is of importance. Displays made with nematic liquid crystals typically have a refresh rate of a few tens of milliseconds [12] and we can expect that the soliton formation time will be of the same order of magnitude.
Up to now, research on spatial optical solitons in nematic liquid crystals was focused on the steady state, that is, experiments were analyzed after a time long enough to avoid transient effects [7] [8] [9] , [13] [14] [15] . In this paper, we report on a numerical and experimental study of the dynamics of the soliton formation in biased nematic-liquid-crystal planar cells. To our best knowledge it is the first time that simulations and experiments specifically focus on the time dependence of soliton formation. The paper is organized as follows. Sections II and III, respectively, describe the experimental setup and observed results. In Section IV we describe the theoretical model on which the numerical simulation is based. Section V is devoted to the comparison between experiment and theory. Finally, our conclusions are drawn in Section VI.
II. EXPERIMENTAL SETUP
A He-Ne laser beam (633 nm) is injected into a liquid-crystal cell by use of a 40 microscope objective (cf. Fig. 1 ). The beam waist of the optical field in the focal plane is estimated from the observed angular divergence of the Gaussian beam [16] , which yields a value of about 3 m. The light is linearly polarized along the direction. The liquid-crystal cell is made up as described in [9] . It consists of two glass plates covered with a thin indium-tin-oxide (ITO) electrode and an alignment layer. Plates are glued together with Mylar spacer balls in between. The obtained 75-m-thick gap between the plates is filled with the liquid crystal E7 from Merck [17] , and an entrance window is glued perpendicularly to the glass plates. The orientation of the molecules is controlled by the rubbing of the alignment layers. Hence, in absence of any electric field, the molecules are oriented along the direction, but they have a small pretilt of about 2 . The input window is also treated with an alignment layer to ensure the homogeneity of the medium at the entrance and to maintain the polarization state of the incoming light. The second part of the setup consists of the visualization apparatus. By collecting the light laterally scattered by the liquid-crystal molecules, the beam propagation in the cell can be observed with the combination of a lens and a CCD camera. For low optical powers, the beam diffracts and the light is spreading out [ Fig. 2(a) ]. With increasing optical power the nonlinear effect becomes significant and, for a certain optical power, the beam propagates with an almost constant width, as can be seen in Fig. 2(b) . For even higher optical powers, the beam starts to undulate and the undulations become stronger with increasing optical power (see [9] for details). Besides the light propagation, it is possible to observe the laser-induced molecular reorientation. This is performed by using polarized light from a xenon lamp. Polarized light traveling through the liquid-crystal layer undergoes a polarization change depending on the molecular orientation. In this way, the self-induced waveguide can be observed. For such purpose, two crossed polarizers and a bandpass filter (660 nm) are used, the directions of polarizer and analyzer being 45 with respect to the axis.
III. EXPERIMENTAL RESULTS
For our experimental beam size and a bias voltage of 1 V, soliton-like propagation can be observed for an optical power of 2.6 mW. When the optical power is switched on, the beam evolves from a diffracting regime-when the molecules are not oriented yet-to a soliton-like propagation regime. The evolution of the intensity profile of light scattered from the beam after a propagation distance of 1.6 mm is shown in Fig. 2(c) . At 0 ms, the width of the beam is large and the intensity is low. After 1 s, the width of the beam has become smaller, the peak intensity higher and the intensity profile reaches a steady state. Fig. 3 shows the polarized transmission image of the cell for different powers of the laser beam. The latter is entering from the left side, where the entrance of the cell is visible. The black region is caused by the glue on top of the interface between the two glass plates. Due to the anisotropy, there is a phase retardation between ordinary and extraordinary polarizations of about after propagation through the 75 m-thick cell. 1 The laser-induced molecular reorientation reduces the retardation and consequently changes the transmission through the crossed polarizers in the region where the soliton-like beam propagates. In Fig. 3 (a) the effect of the reorientation is small, but it increases with increasing optical power [ Fig. 3 (b)-(c)]. With increasing molecular reorientation the image becomes black, white, and black again as can be seen in Fig. 3(c) . This is because the retardation is larger than . This method of visualizing the self-induced waveguide is clearly not sensitive enough for the small reorientation occurring at 2.6 mW. For this purpose, an interferometric approach is more sensitive and thus more appropriate [18], but to demonstrate the time effects, the described method is useful as the molecular reorientation can be immediately estimated from the transmission profiles.
The evolution in time of the transmission close to the entrance of the 75-m-thick cell is illustrated in Fig. 4 for two different optical powers. Due to the glue at the entrance it is not possible to define the distance exactly, but it is estimated to be a few hundred micrometers. The two pictures show that the time to completely reorient the liquid crystal is on the order of 50 s. This is in contrast to Fig. 2(c) where the formation of the soliton-like beam takes on the order of one second. A plausible explanation will be given further in this article.
IV. NUMERICAL MODEL
In order to simulate the time dependence of soliton formation in a nematic-liquid-crystal layer, a two-dimensional calculation of the molecular director is used. In absence of any electric field, the molecules in the cell have an angle of 2 with respect to the axis due to the pretilt of the rubbing layers. Hard boundary conditions are assumed, which means that the molecules at the border have a fixed orientation of 2 . A bias voltage applied over the cell gives rise to a static electric field along the axis. In addition, an optical electric field is also present and is oriented mainly along the axis. This field arises from an optical beam which is propagating in the direction and which has a polarization along . It is assumed that molecules tilt in the plane only, which means that the orientation can be described by one angle (see Fig. 1 ). With these constraints, the free energy per unit volume consists of three terms, which can be written as follows [19] :
The first term is the distortion free energy, with , , and the three elastic constants. The second and third terms are the free energies of the static and optical electric fields, respectively. Using the Euler-Lagrange formula, we can derive the following equation which describes the time evolution of molecular reorientation [20] (2)
In this formula, is the rotational viscosity of the liquid crystal. When calculating the successive time steps, Maxwell's equation has to be fulfilled for each time step, with . To calculate the transmission of polarized light through the cell, the Jones calculation was numerically implemented [17] .
For the calculation of the evolution of the optical-wave envelope, i.e., the soliton-like propagation, a scalar model can be used, governed by the following propagation equation [9] (3) where and are, respectively, the wave number and its vacuum counterpart, and the pretilt angle. For a full description of the light propagation, the anisotropy of the liquid crystal should be included, but this is out of the scope of the present article. The effects of such a vectorial description were indeed studied elsewhere [21] .
V. SIMULATION RESULTS
Numerical calculations are performed with the parameters of the liquid-crystal mixture E7 from Merck, listed in Table I [17], [22] . 
A. Switching Voltage
In order to enhance the optical nonlinear effect, a voltage is applied over the cell to tilt the molecules a little. After all, the torque on the molecules is maximal when the angle between the director and the light polarization is 45 and it is null for 0 and 90 [2] . Fig. 5(a) shows the temporal evolution of director orientation in the middle of a 75 m-thick cell when a voltage around the threshold is switched on. Note that no laser-induced molecular reorientation is here considered, so that is invariant with respect to . Fig. 5(b) shows the evolution of the rise time-arbitrarily defined as the time for the midtilt to reach 99% of its steady-state value-as a function of the applied voltage.
The switching time is long-on the order of 100 s for 1 V-for two reasons. First, the cell is very thick, compared to -displays, and second, the voltage is below threshold [23] . This results in a static electric field of 0.013 V m, which gives rise to a very small driving force to reorient the molecules, and consequently to a slow process.
The transmission through the cell when switching off the 1 V voltage-still without laser-induced molecular reorientation-was measured with the experimental setup and compared to the numerical simulations. In Fig. 6 it is shown that the agreement between the two is good. To achieve this agreement, the simulation was performed for a slightly smaller cell thickness (73.9 m). There is, however, no objection to our simulation method. Indeed, the technology of making the cell introduces an uncertainty on the thickness on the order of a few percents. Fig. 7 shows the evolution of the midtilt-i.e., the tilt distribution in the middle of the cell, that is, in the plane -after switching the laser beam on. The increase of the tilt in the middle gives rise to a nonhomogeneous increase of the refractive index seen by the same laser beam. This self-induced mechanism is responsible for the collimation of the beam, through the self-focusing effect. In other words, the beam is trapped in its own induced graded-index waveguide.
B. Soliton Formation in a 75 m-Thick Cell
The initial reorientation is relatively fast and happens on a time scale of a few seconds. Indeed, the reorientation in the middle reaches more than 50% of the final reorientation after 2.5 s. More important, it can be seen that the angular profile in the vicinity of the beam center stays almost unchanged as soon as 2.5 s. As the angular profile, hence the index modulation, determines the self-trapping of the beam, this time scale is consistent with the experimental time evolution of the beam, as discussed in Section III. After this, the reorientation of the molecules further away from the center occurs until an overall steady state is reached where the width of the induced tilt profile is much larger than that after a few seconds and a fortiori than the soliton-like beam itself. Let us recall that the initial optical beam is a 3-m waist beam. This reorientation occurs on a much larger time scale and the steady state is reached after about 50 s. This means that initially the reorientation is fast and the nonlocality of the nonlinear effect is small. Then the nonlocality increases in time until a maximum is achieved. This effect is plausible as only a low energy is required to reorient the liquid crystal in the immediate vicinity of the optical beam. The complete reorientation, whose spatial extent is much wider, requires a much larger energy and, consequently, a longer time.
With the values of the director orientation, the evolution of the transmission can be calculated to yield a result comparable to the experiment shown in Fig. 4 . These numerical results are shown in Fig. 8 . The numerical and experimental results correspond well, if we compare Fig. 4 with Fig. 8 . Both figures show that the reorientation is completed after about 50 s. A first difference, however, is the larger width of the observed index profile. Probably this is due to the imaging method because in addition to a polarization effect also a diffractive effect may play a role. Conversely, the results of the interferometric method correspond better with the simulations [18] . A second difference is a mismatch in the power of the laser beam. Indeed, the experimental optical power is higher than the numerical one by more than a factor of two. Two reasons may be responsible for this mismatch. First, the optical power in the experiment is the optical power that is coming out of the laser. It is not known how much light is effectively entering the liquid-crystal cell. Reflections and scattering at the entrance wall of the cell indeed lower the power significantly. Second, the transmission is measured a few hundred micrometers from the entrance plane of the cell, because of the glue on top of the glass plates. Hence, it is not possible to visualize the transmitted light at the very entrance of the cell, as mentioned before. After this propagation distance, a part of the light may be lost due to scattering and absorption and to polarization scrambling of the beam in the liquid crystal.
C. Soliton Formation in Thinner Cells
The long time to reach the steady state in thick cells (about 50 s) originates mainly from the large scale of the nonlocal reorientation. Hence, it can be expected that the reorientation time be much smaller in thinner cells, owing to a less wide molecular reorientation (see [9] , where the steady state reorientation in function of cell thickness is calculated). This behavior is illustrated in Fig. 9 , where the evolution of the maximal tilt-i.e., the tilt at , where the light intensity is maximal-is shown. For the 75-m-thick cell the reorientation takes about 50 s, as illustrated before, but for the thinnest cell (18 m) the reorientation already reaches its steady-state value after 2 s. For even thinner cells, the time for overall molecular reorientation to Fig. 9 . Simulation of the evolution of the midtilt at y = 0 m when a 2.25-mW laser beam is switched on at t = 0s, and for different cell thicknesses.
settle is even smaller. However, the initial dynamics is quite similar for thick and thin cells. Indeed, reorientation in the vicinity of the light beam completes in less than 2 s.
VI. CONCLUSION
In this article, we reported on a numerical and experimental study of the formation dynamics of soliton-like optical beams in biased nematic-liquid-crystal planar cells. The good agreement between experimental and numerical results implies that our model of laser-induced director reorientation is realistic, as was suggested in earlier publications on the same geometry [7] [8] [9] .
The results also reveal that soliton formation time in a bulk nematic liquid crystal is on the order of seconds. Due to the large nonlocal molecular reorientation in thick cells, however, the steady state is only reached after several tens of seconds. In thinner cells 18 m this nonlocal reorientation is much smaller in extent and hence the time to reach steady state is also smaller (on the order of seconds). For even thinner cells, switching times of less than a second are expected. For thin cells, however, when the width of the optical beam becomes comparable to the layer thickness, the solitons are no longer bulk, or two-dimensional solitons, but become one-dimensional in a waveguide geometry, for which a considerable amount of the light is not in the liquid crystal anymore but in the cladding layers. The description of these solitons is completely different [24] .
Despite the fundamental importance of 2-D solitons, the results of the present study show that practical applications in a nematic-liquid-crystal configuration are encumbered by large switching times. Hence, it is more likely that solitons in a liquidcrystal waveguide geometry, that is, with a thin enough liquidcrystal layer, will find their way to applications, due to a smaller switching time.
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